Changing the interlayer exchange coupling between magnetic layers in situ is a key issue for spintronic, as it allows for optimization of properties that are desirable for applications including magnetic sensing and memory. In this paper, we utilize the phase-change material VO2 as the spacer layer to regulate the interlayer exchange coupling between the ferromagnetic layers with perpendicular magnetic anisotropy.
Introduction
Interlayer exchange coupling (IEC) is an indirect exchange interaction between magnetic layers mediated by the conduction electrons of the spacer layer. The discovery of IEC has given birth to the booming research in spintronics including giant magnetoresistance (GMR) 1, 2 and tunneling magnetoresistance (TMR) effects 3, 4 , and has been extensively applied to the design of synthetic antiferromagnet (SAF) layers in magnetic tunnel junctions (MTJ). Comparing with direct manipulations of magnetizations in spintronic devices, transitions of IEC between ferromagnetic (FM) and antiferromagnetic (AFM) coupling states may provide a promising opportunity to realize low-power spintronic device applications in the post-Moore's-law era [5] [6] [7] . Up to now, IEC has been systematically investigated in layered structures with different metallic spacer layers [8] [9] [10] [11] , as well as some semiconducting, insulating, and organic spacers, e.g., Si 12-14 , GaAs 15, 16 , MgO 17, 18 and α-sexithiophene 19 . The periodically oscillated IEC strength with the thickness variation of metallic spacer layer [8] [9] [10] 20 has attracted a great deal of research interest in its physical mechanism. One of the most important theories is the Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction [21] [22] [23] , which attributes the magnetic coupling to interactions between localized d-or f-shell electron spins through the conduction electrons. Another commonly accepted theory is based on the quantum well states (QWSs), which describes the discrete electronic states formed by electron confinement, and evolves periodically with the well width [24] [25] [26] .
Pioneering theoretical researchers have also tried to develop a unified theory for both metallic and insulating spacer layers, by introducing the concept of a complex Fermi surface 27, 28 , although further research is still needed to promote relevant developments.
In most experimental cases, the regulation of IEC is achieved through thickness changing of spacer layer 29, 30 , or external engineering by stress and electrochemistry 31 .
However, these methods are usually non-dynamic or even irreversible, which limits the application of IEC in innovative spintronic devices. One possible attempt to solve this problem is to substitute the traditional spacer layer with materials sensitive to external stimuli, utilizing their electronic property change to manipulate IEC directly [32] [33] [34] . From this point of view, phase-change material, such as VO2, can be a promising candidate for the spacer layer, benefiting from its feature of near room temperature metal-toinsulator transition (MIT) 35, 36 . In fact, with characteristics of fast-response and highstability, VO2 has been extensively studied in the phase-change electronics [37] [38] [39] .
Therefore, a VO2 phase-change based spintronic device may reform the magnetism modulation strategy and enable emerging phase-change spintronic device applications.
In this work, we successfully deposited ultra-thin (several nanometers) VO2 films using magnetron sputtering at high vacuum, verified by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS 
Results

Characterization of ultra-thin VO2 film and preparation of phase-change magnetic multilayer system
For the experiment of phase-change induced IEC regulation, the preparation of VO2 films with nanometer thickness lies in the heart of all problems. Even though lots of methods have been used to deposit VO2, such as molecular beam epitaxy 40 , pulsed laser deposition [41] [42] [43] and chemical vapor deposition 44 , strict growth requirements, e.g., high temperature, high oxygen pressure, and specific substrates, are usually needed 45, 46 , which however may oxidize or destroy the bottom layers in the preparing process. In addition, the desired thickness of the spacer layer for IEC investigations is usually less than 5 nm 8, 47 , which calls for high film quality of VO2 to keep the MIT feature.
Therefore, it remains a challenge to insert VO2 into magnetic layers and guarantee perfect interfaces.
Utilizing the ability of multilayer depositions at ultra-high-vacuum (UHV) with sub-nanometer thickness control accuracy, we choose magnetron sputtering as the deposition method. Through careful adjustment of the target component and systematical study of the deposition condition, ultra-thin VO2 films have been successfully prepared on different substrates in vacuum at room temperature. Fig. 1a shows the XRD results of 2-nm-thick VO2 film grown on SiO2/Si substrates. The red lines give the standard XRD pattern of VO2 48 , while the broad peak indicates an amorphous feature of the film. Further reducing the thickness of VO2 would make the peak disappear owing to the weakened diffraction intensity, which has also been observed in single crystal samples. XPS measurement was also applied to check the valence states of vanadium. As shown in Fig. 1b , the proportion of VO2 reaches more than 89.3%, which demonstrates the relatively pure composition of the film. To directly check the phase-change feature of the VO2 film, the resistance of the vertical tunnel junction device fabricated based on Au/VO2 (2 nm)/Au multilayers is measured at different temperatures. The I-V curves as the temperature rises have been shown in Fig.   1c , from which an evolution from tunneling contact to transparent contact can be detected. The results indicate that the resistance of VO2 spacer layer experiences a significant drop after heating, i.e., MIT happens. Fig. 1d gives the resistance change ratio (calculated as the resistance divided by the minimum value) versus temperature with measuring current of 10 nA for the 2 nm sample and a 40 nm single crystal film sample. It's noteworthy that the phase-change of the nanometer VO2 takes place at a temperature around 310K. Such a value is much lower than that of the thicker one, which can be a result of strain effect. According to some reports, the MIT feature of ultra-thin VO2 samples is usually suppressed due to impurity diffusions from the substrate 49 . Nevertheless, our room temperature UHV deposition condition may restrain this negative effect. Although potential factors, like the amorphous nature and inevitable defects, still affect the MIT amplitude (~20 times resistance change), the hysteresis phenomenon proves the existence of the phase-change in the ultra-thin film.
The appreciable MIT effect, good-compatibility of the substrates, as well as UHV room temperature deposition condition of the ultra-thin VO2 film, guarantee the possibility of fabricating VO2-related magnetic multilayer systems. To investigate the effect of phase-change modulation on IEC, we prepared a serious of 2g gives the schematic diagram of the modulation principle. In the VO2-related magnetic multilayer system, the magnetic electrons in top and bottom layers are coupled indirectly through VO2 whose Fermi surface drops on V-3d orbital. As the space layer is insulating at room temperature and conducting at high temperature, according to RKKY theory, the coupling strength or even coupling type would be changed when the density of states near Fermi surface is enhanced. In the following study of this work, we find that the coupling is AFM at room temperature, and evolves into FM after VO2 MIT happens. Detailed analysis about the electronic structure change will be discussed later in this article.,
Phase-Change induced IEC regulation
The IEC coupling change of the phase-change magnetic multilayer systems is first investigated by magnetic property measurements. Vibrating sample magnetometer (VSM) and polar magneto-optic Kerr effect (p-MOKE) are used to characterize the [Pt/Co]2/VO2/[Co/Pt]2 samples. As shown in Fig. 3a , obvious anisotropy is detected in the sample with 0.76-nm-thick VO2 spacer layer. Similar PMA property can be found in all the other films (see Supplementary Fig. S2 ). The magnetization shows two reorientation process with out-of-plane magnetic field applied, which indicates that strong ferromagnetic coupling within both top and bottom Co/Pt bilayers. Thus, these bilayers can be assumed as two single ferromagnetic unites when the IEC modulation is investigated.
As illustrated in show that a coercivity difference between the two magnetic layers exits in the whole process, which further exclude the possibility that this phenomenon is merely caused by the modulation on top or bottom magnetic layer (Supplementary Fig. S3 ). In contrast, when the thickness of the spacer layer reaches 3.22 nm (Fig. 3f) , the two-flip phenomenon maintains even after the phase-change happens, which shows the modulation effect is also restricted by the thickness of the spacer layer. Additionally, the coercivity shrinking values of the two flips are consistent with that of the isolated magnetic layers in the control samples, which indicates a de-coupling state between top and bottom magnetic layers in this sample. These results confirm the possibility of realizing the modulation of IEC via the MIT of VO2, while leave more details to be investigated.
To further understand the phase-change induced IEC regulation effect, the first priority is to distinguish the magnetic coupling state at room temperature for the samples that regulation can be observed. Taking the sample with 0.76-nm-thick VO2 as an example, as the coercive field of the first flip is fairly small (Fig. 4a) To obtain more details of the regulation effect, we then focus on the dynamic changing process of IEC effect. Fig. 4c shows the hysteresis loops of samples under different temperatures. We find that the flip of the top ferromagnetic layer gradually becomes smoother and eventually coupled with the bottom ferromagnetic layer in all the four samples. Interestingly, the critical IEC type change temperature shows obvious difference in them. For the thinner two samples, the FM coupling change happens above room temperature (around 330 and 325 K), while for the thicker two it happens around 300 K. Considering all the samples are deposited at room temperature with same growth parameters, one possible explanation is that the interfacial strain affects the MIT temperature of VO2. Similar strain induced transition temperature change has been extensively explored in single crystal VO2 samples, while happens in thicker region.
Considering the inhomogeneous feature of VO2 in our samples, it is hard to give precise analysis of the strain effect in the interfacial areas.
To make sure that the IEC modulation is phase change related, the loop evolution process during heating-up and cooling-down is investigated. Considering the phasechange of VO2 exhibits obvious hysteresis characterization (Fig. 1d) , it is reasonable to believe a phase-change induced IEC modulation should have the same feature.
Therefore, we measured the hysteresis loops of the 0.76-nm-thick VO2 sample at 305
and 315 K to check the relevance between them. As shown in Fig. 4d , the flip sharpness of the results shows clear difference, which proves the hysteresis speculation and further verifies that the coupling change is indeed caused by phase-change of VO2. As mentioned above, one possible explanation for the observed coupling change is caused by the electronic structure variation of VO2 from insulation to metallicity which enhances the coupling between two ferromagnetic layers. To explain the mechanism behind it, the electronic structure and Fermi surface change of spacer layer should be taken into consideration. Abrikosov 50 , as well as Narita and Kasuya 51, 52 , have studied the RKKY interaction mediated by valence conduction band excitations in intrinsic semiconductors in the 1980s. Later Litvinov and Dugaev 53 studied the one originated from impurity-valence band excitations in Mn-doped GaAs. As put forward by Goodenough 54 and elucidated in subsequent studies 55 , d electrons participating in a Peierl-like phase-change exist a large spectral weight transfer from π* (dxy) into the valence d// (dxz, yz) orbitals. For the MIT of VO2 induced by temperature change in our experiments, it means that more spin related conducting electrons would participate in the RKKY effect, and contribute to an enhanced coupling effect (Fig. 5a) . In fact, there were calculation results based on Co-doped TiO2/VO2 diluted magnetic semiconductor multilayers reflecting that FM-AFM coupling change may happen accompanied by the phase-change of VO2. 33 The reason that coupling oscillation in VO2 metallic state has not been observed, is probably caused by the restricted range of VO2 thickness. As our film structure and spin orientation are much more complicated comparing to an ideal model, further calculation and simulations are desired to reveal more detailed physics in it.
Discussion
Besides the transition from AFM to FM, the loop shape variation in the phasechange process also provides some clue to understand the dynamic spin evolution process. Generally speaking, if the phase-change of VO2 is uniform across the whole spacer layer, the enhanced coupling would push the magnetization flip away from zero field, before the coupling changes into FM, as illustrated in Fig. 5b . While, for the evolution process in our results, the coupling varies accompanied by a smoothing instead of pushing behavior of the first magnetization flip. This phenomenon may be related to the inhomogeneous feature of the ultra-thin VO2 film mentioned above, and can be explained by a non-uniform phase-change model. The existence of amorphous and microcrystalline VO2 will result in some conduction boundaries around the inhomogeneous region during the MIT 56, 57 . Thus, the IEC strength increasement is also ununiform in the conducting and insulting areas. The smooth flip is the macroscopic presentation of the non-uniform switching behavior.
To check this speculation, Kerr microscope is then used to observe the domain switching under different temperature. As illustrated in Fig. 5c , a magnetic field of 2.6
Oe is applied to the film with 0.76-nm-thick VO2 to induce a flipping critical state at room temperature. With temperature increase, the magnetic domain first evolves into maze morphology at 310K, then finely broken and becomes more smaller domains which beyond the resolution of the microscope at 315K. With the in-plane loop measurement under different temperature excluding the possibility of anisotropy change ( Supplementary Fig. S5 ), it is reasonable to believe that this domain type change is related to the non-uniform phase change of VO2 which provides more nucleation points for spin switch. The domain evolution video can be found in Video S1.
In conclusion, we have succeeded in preparing the ultra-thin VO2 film with appreciable metal-to-insulator transition feature by ultrahigh-vacuum magnetronsputtering at room temperature. This nanometer-thick VO2 has been adopted as a spacer Both the bottom electrodes and tunnel junctions were then connected to 90 nm Ti/Au electrodes to allow electrical contact for measurement using e-beam evaporation.
Characterization and measurement
The magnetic properties were measured by MOKE (NanoMOKE3, Durham Magneto 
